To determine the structural requirements for cucumber mosaic virus (CMV) satellites to elicit lethal tomato necrosis, three satellite variants D, S and Y were used in the construction and cloning of chimeric cDNAs. D and S are necrogenic and non-necrogenic 'prototype' variants, respectively, and Y possesses the 3' conserved necrosis-determining region but does not cause lethal tomato necrosis. Its 5' half harbours an insertion/ deletion region that results in a molecule about 30 nucleotides longer than other variants. Tomato bioassays were conducted with RNA transcripts of all six chimeric combinations of the 5' and 3' halves of the three satellite variants divided by a common restriction site, as well as with a mutated chimera. None of the chimeras containing the 5' half of Y induced lethal necrosis in tomato even when their 3' halves were that of the D variant with the conserved necrogenic element. Chimeras with the 3' half of Y elicited only partial or restricted necrosis which was much less severe than that induced by prototype variant D, and often was not lethal. Site-directed mutation of a single nucleotide in proximity to the necrogenic element of such a chimera containing the 3' half of Y restored much lethal necrogenicity. The results revealed the presence of structural elements in CMV satellite variant Y that modulate or even suppress the expression of the 3' conserved necrosis-determining element. They indicate that in CMV satellites widely separated sequence elements constituting a three-dimensional requirement are responsible for eliciting lethal necrosis in tomato.
Introduction
Tomato necrosis is a crop disease of considerable agricultural importance. Although endemic in most parts of the world where cucumber mosaic virus (CMV) is prevalent, twice it has been reported to occur in epidemic form causing considerable economic losses (Putz et al., 1974; Gallitelli et al., 1988) . Tomato necrosis is also the first known major crop disease of satellite aetiology. Experimental evidence for this linkage immediately followed the first discovery of CMV satellites (Kaper et al., 1976; Kaper & Waterworth, 1977) and was proven unequivocally in the 1988 tomato necrosis epidemic in southern Italy (Kaper et al., 1990b) .
CMV satellites, here designated CARNA 5 (for CMVassociated RNA 5), are a group of sequence-related RNA molecules 334 to 387 nucleotides (nt) long that modulate the symptom expression of CMV in strikingly varying ways. In tomato the symptom-modulating effects of different CARNA 5 variants range from inducing lethal necrosis to complete amelioration of viral symptoms (Kaper & Tousignant, 1984; . With these variants it became apparent that a larger degree of sequence conservation existed among those which caused tomato necrosis than among those which did not . This finding and further work from different laboratories (Jacquemond & Lauquin, 1988; Masuta & Takanami, 1989; Devic et al., 1990; Sleat & Palukaitis, 1990) led to the localization of a tomato necrosis-determining conserved sequence element in the 3' half of CARNA 5 between positions 284 and 295 [sequence numbering is as in .
A CMV satellite which has received much attention because of its symptom-modulating properties is the 369nt variant associated with CMV strain Y. In addition to its conspicuous ability to cause yellow chlorosis in tobacco, this satellite (here designated Y-CARNA 5) was originally also reported to induce necrosis in tomato (Takanami, 1981) . In addition, sequence determination of this satellite revealed a unique structural feature. Although its 3' half resembles that of other variants in that it contains the conserved necrosis-determining sequence element, its 5' half harbours a region where about 100 nucleotides replace 70 others that are present in smaller (334 to 339 nt) CARNA 5 variants, with these two nucleotide blocks essentially 0001-1027 © 1992 SGM unrelated in sequence (Hidaka et al., 1984; . This insertion/deletion results in a molecule about 30 nt longer than the smaller CARNA 5 variants.
To understand how such a major structural change could have left an important biological property of Y-CARNA 5 unaffected, the ability of this satellite to elicit necrosis in tomato was reinvestigated by defining 'lethal tomato necrosis' more narrowly and linking it to a quantitative bioassay under precisely specified conditions. By those criteria, the ability of Y-CARNA 5 to induce lethal necrosis could not be confirmed . More recently other inconsistencies have been reported with regard to this satellite's tomato necrosisinducing ability and its helper virus dependence (Masuta et al., 1988a; Masuta & Takanami, 1989) . These and certain oversimplifications concerning the structural determinants for lethal tomato necrosis prompted the investigation reported here.
We have studied the ability on the part of RNA transcripts of all six chimeric combinations between the 5' and 3' halves of Y-CARNA 5 cDNA, D-CARNA 5 cDNA, a 'prototype' necrogenic clone, and S-CARNA 5 cDNA, a prototype non-necrogenic clone (Collmer & Kaper, 1986) , to induce lethal tomato necrosis. We have concluded that in the 3' half of Y-CARNA 5, outside the conserved necrosis-determining region, sequence elements are present that modulate necrogenic expression, whereas other structural elements in the 5" half essentially suppress the necrogenicity of this satellite in tomato.
Methods
Virus strains and satellite RNAs. CMV-1 is one of the earliest CMV isolates of U.S. origin (Doolittle, 1929) . Its partial characterization was described previously (Kaper et al., 1981) . D-and S-CARNA 5 are necrogenic and non-necrogenic CMV satellite prototypes (Collmer & Kaper, 1986) . Y-CARNA 5 was associated with an isolate of CMV-Y provided by Dr K. Hanada, National Agricultural Research Center, Tsukuba, Japan, and has been maintained in this laboratory for several years . The nucleotide sequence of Y-CARNA 5 differs from the variant used in Japan (Masuta et al., 1988b ) with a C for U substitution in position 252 (Y-CARNA 5 numbering) (G. Wu et al., unpublished results) .
Construction of chimeric CARNA 5 cDNA clones. D-and S-CARNA 5 full-length cDNA clones in pPM1 and their cloned chimeras DS and SD were kindly provided by C. W. Collmer (Collmer & Kaper, 1986 . Full-length cDNA of Y-CARNA 5 previously cloned at the EcoRI and PstI sites in pSP65 was a gift of M. T. Steen (Steen et al., 1990) . The fragment generated by the restriction enzymes was treated with mung bean nuclease to create blunt ends and ligated with SmaIdigested pPMI. After transformation of Escherichia coli strain JM83, screening by colony hybridization and restriction digestion analysis, the Y-CARNA 5 cDNA inserts and flanking junction regions were sequenced using a standardized Sequenase version 2.0 (U.S. Biochemical Corporation) protocol.
Chimeric CARNA 5 cDNA clones were constructed using a common restriction site for NheI at position 185 of the three parental satellites Y-, D-and S-CARNA 5. NheI-and PstI-digested fragments of each CARNA 5 cDNA clone were purified by electrophoresis in 1 low melting point agarose (Sea Plaque agarose, FMC Corporation) gel containing 40 mM-Tris, 20 mM-acetic acid, 1 mM-EDTA, pH 7.8. The fragments were recombined and incubated with T4 DNA ligase in the presence of the agarose gel (Struhl, 1985) . The six possible CARNA 5 chimeras constructed from the three parent variants were designated DS, SD, DY, YD, SY and YS, respectively. After transformation of E. coli, the chimeric CARNA 5 cDNA inserts and regions adjoining vector pPM1 were sequenced as described above.
Oligonucleotide-directed mutagenesis. A single nucleotide substitution (A to G) at position 278 in cloned DY cDNA was introduced via the polymerase chain reaction (PCR) using a modified overlap extension procedure (Horton et al., 1990) . Overlapping fragments of DY cDNA were generated by two separate PCR amplification reactions using two pairs of oligonucleotide primers. The first pair of primers included CWC-20 (GCGTGTTGACTATTTTAC) which contains the sequence upstream of the DY cDNA insert and GW-3 (GCCTTAGCCTCTCCCTG) which contains the targeted nucleotide substitution. The second pair of primers consisted of GW-1 (GTTTTGTTTG) and GW-4 (GTAAAACGACGGCCAGT-GAATTC), which are identical to the Y-terminal sequence of DY cDNA and the forward primer used for dideoxynucleotide sequence analysis of M13-based vectors, respectively. The DNA fragments generated from each primer pair in the PCR amplification were purified by agarose gel electrophoresis and mixed in equimolar amounts, followed by another round of amplification in the presence of primers CWC-20 and GW-4. PCR reactions were conducted in 50 Ixl of 1 x PCR buffer (10 mM-Tris-HC1 pH 8.3 at 25 °C, 50 mM-KCI, 0.15 mM-MgC12, 0.001 ~ gelatin; Perkin-Elmer Cetus) containing 1 mM of each deoxynucleoside triphosphate, 50 ng template DNA and 10 pmol each of the appropriate primers. The reaction mixtures were incubated with Thermus aquaticus DNA polymerase for 30 cycles each comprising 1 min at 95 °C, 1 min at 55 °C and 1.5 rain at 72 °C. After agarose gel electrophoresis, DNA fragments from the third amplification (primers CWC-20/GW-4) were purified and digested with NheI and EcoRI, and ligated with NheI/EcoRI-digested pPM1-DY fragment purified by gel electrophoresis. After cloning, the targeted A to G substitution at position 278 of the DY cDNA was confirmed by nucleotide sequence analysis.
In vitro transcription, bioassay and replication footprint profiles. EcoRIcut plasmid containing CARNA 5 cDNA was transcribed using E. coli RNA polymerase (CoUmer & Kaper, 1986) . Transcription reaction mixtures were combined with 200 ktl 0.06 M-Na2HPO4, 4 ktg CMV-I genomic RNAs and sterile H20 to a total volume of 400 ~tl, and used for inoculation of tobacco (Nicotiana tabacum L. cv. Xanthi nc.) plants at the three to four true-leaf stage and tomato (Lycopersicon esculentum Mill cv. Rutgers) plants at the cotyledon stage. Plants were maintained at 24 to 25 °C in growth chambers with a 16 h photoperiod, and were evaluated for yellow mosaic in tobacco and necrosis in tomato 3 to 4 weeks after inoculation. Replication footprint analysis (Kaper et al., 1990b; Smith et al., 1992) was carried out with each bioassay. Total nucleic acids extracted from infected plant tissue were subjected to 9 semidenaturing PAGE. The gels were electrotransferred to Biotrans nylon membranes and hybridized with riboprobes specific for CARNA 5 or CMV RNAs. In select cases such analyses were carried out at set time intervals to yield a replication footprint profile.
Nucleotide sequence analysis of CARNA 5 progeny. For nucleotide sequence determination of CARNA 5 progeny from bioassays, ssCARNA 5 progeny was eluted from 9~ polyacrylamide gels after electrophoresis of the total nucleic acid extracts from infected plants. Excised gel pieces containing ssCARNA 5 were soaked in a 1 ml solution of 500 mM-ammonium acetate, 1 mM-EDTA and l ~ SDS at 4 °C for 12 h with vigorous shaking, followed by precipitation with two volumes of ethanol. Reverse transcription was performed in a 20 ~tl volume of 1 x PCR buffer containing 1 mM of each deoxynucleoside triphosphate, 20 units RNasin (Promega), 200 units of Moloney murine leukaemia virus reverse transcriptase, 0.5 ktg gel-eluted ssCARNA 5 and 10 pmol of oligonucleotide primer MET-I (GGGTCCTG) which hybridizes to the conserved 3' terminus of CARNA 5. The reverse transcription-generated CARNA 5 progeny cDNA was amplified into double-stranded cDNA for PCR-facilitated nucleotide sequence analysis (Owens et al., 1990 ) using primers GW-1 and MET-l. The PCR reactions were conducted as described above except that the annealing temperature was lowered to 50 °C. After purification by agarose gel electrophoresis, the amplified DNA products were subjected to nucleotide sequence analysis using end-labelled primers and Sequenase version 2.0 and/or dsDNA Cycle Sequencing (BRL Life Technologies) protocols.
Results

Symptom expression of CARNA 5 chimeras
Using CMV-1 as helper virus, in vitro transcripts of both prototype D -C A R N A 5 c D N A (Collmer & Kaper, 1986) and of chimeric SD c D N A elicited typical lethal necrosis in tomato ( Fig. 1) with identical dilution endpoints in a quantitative bioassay (data not shown). On the other hand DS c D N A transcripts did not induce any necrosis in tomato; only viral symptom attenuation was observed (Fig. 1) . This confirmed the 3' half location of the p r i m a r y t o m a t o necrosis-determining element of C A R N A 5 (Kurath & Palukaitis, 1989; Devic et al., 1989) .
In the Y D and YS chimeras the 5' half of Y -C A R N A 5 with its unique sequence insertion/deletion is connected to C A R N A 5 3' halves that either possess ( D -C A R N A 5) or do not possess ( S -C A R N A 5) the necrogenic determinant. However, neither chimera induced necrosis in tomato when bioassayed with CMV-1 as helper virus (Fig. 1) . In tobacco, these chimeras elicited the same bright yellow symptoms as induced by Y -C A R N A 5 (Takanami, 1981) (data not shown). This confirmed the 5' half location of the tobacco yellowing element of Y-C A R N A 5 (Devic et al., 1989; Masuta & Takanami, 1989) and verified the proper construction o f the chimeras. All other chimeric constructions and the parental D-and S -C A R N A 5 variants attenuated the symptoms of C M V -I in tobacco.
Infections in tomato (with CMV-1 as helper virus) of D Y and SY chimeras, both of which possess the 3' half of Y -C A R N A 5 with the conserved necrogenic element, elicited partial or restricted necrosis which was much less severe than that induced by prototype necrogenic D-C A R N A 5 or the SD chimera, and often was not lethal within 3 to 4 weeks after inoculation (Table 1) * Tomato plants at the cotyledon stage were inoculated with CMV-1 RNA (10 ~tg/ml) alone, and in the presence of transcripts of cloned CARNA 5 or CARNA 5 chimeras. The data represent a cumulative score from six bioassays. Symptoms were scored 3 to 4 weeks after inoculation. the plants recovered through the emergence of new leaves (Fig. 1) .
Replication footprint analysis and nucleotide sequence determination of C A R N A 5 chimera progeny
Replication footprint analysis (Kaper et al., 1990b; Smith et al., 1992) of the bioassays was performed to estimate the relative proportions of viral R N A , ss-and d s C A R N A 5 present in nucleic acid extracts of equal amounts of r a n d o m l y sampled infected plant tissues. Tobacco and tomato plants sampled 14 days after inoculation showed that in the infections with the chimeras DY, YD, SY and YS progeny C A R N A 5 had accumulated in both single-a n d double-stranded forms with gel electrophoretic mobilities corresponding to their expected size differences (Fig. 2) . Nucleotide sequence analysis of gel-eluted s s C A R N A 5 from these infections proved that all chimeric C A R N A 5 constructs were stably m a i n t a i n e d during replication. After 9 % semi-denaturing PAGE, riboprobes for CARNA 5 or CMV genomic RNAs were used to hybridize with blots of duplicate gels (Kaper et al., 1990b; Smith et al., 1992) . Lanes M contain single-stranded 1-and D-CARNA 5 and double-stranded WT-CARNA 5 as markers (Kaper et al., 1990b) .
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Tomato infections with the CMV/CARNA 5 chimera combinations that had resulted in a necrotic response (SD, SY, DY, and the necrogenic parent DD) were sampled at time intervals during the bioassay to establish their replication footprint profiles (Kaper et al., 1990b; Smith et al., 1992) . Those for viral RNA and for ss-and dsCARNA 5 were very similar (Fig. 3) , although the amounts of these RNAs varied slightly among different infections. Tissues sampled from individual plants with different degrees of necrosis also showed similar replication footprints (data not shown). These results indicated that the observed differences in necrosis severity among the CARNA 5 chimeras were related directly to structural factors rather than indirectly to replicative differences.
Effect of a single nucleotide substitution on the necrogenicity of D Y chimeric CARNA 5 in tomato
The differences in the severity of necrosis elicited by partially necrogenic SY or DY on the one hand, and fully necrogenic SD or D-CARNA 5 (DD) on the other, must relate to sequence differences between the 3' halves of Yand D-CARNA 5 outside the conserved necrogenic domain, which amount to nine nucleotide substitutions and two deletions (Fig. 4) . Comparison of these differences with the sequence differences that exist between the 3' halves of Y-CARNA 5 and those of three other CARNA 5 variants that are fully necrogenic in tomato revealed that eight of the 11 nt differences were shared by either T-CARNA 5 (Kaper et al., 1990b) , PG-CARNA 5 (Kaper et al., 1990a) , or by J876-CARNA 5 (unpublished work). This made the deletion in position 256, the G for U substitution in position 259 and the A for G substitution in position 278 unique (Fig. 4) . As the substitution in position 278 (311 with Y-CARNA 5 numbering) is closest to the necrosis-determining element (positions 284 to 295), it was a logical first target for a site-directed mutation experiment. Cloned DY cDNA [RNA transcripts of which elicit only partial necrosis (Table 1) ] was converted into DY-mt cDNA, with a G for A replacement in position 278, and transcribed in vitro. Replication footprint analysis and progeny sequence determination showed that DY-mt transcripts were highly infectious and that the substitution was stably maintained in the progeny (data not shown). Tomato necrosis elicited by DY-mt (with CMV-1 as helper virus) was much more severe than that induced by DY. More than 50% of the tomato plants infected with DY-mt were dead within 4 weeks after inoculation, whereas of those infected with DY only 10% had died within this time period (Table 2) . However the necrosis induced by DY-mt was still less severe than that caused by prototype necrogenic D-CARNA 5 (Table 2) (unpublished work). The closed and shaded boxes indicate the 3' conserved necrosis-determining region and the 5' insertion/deletion region, respectively. S-CARNA 5 (Collmer & Kaper, 1986 ) is a non-J necrogenic variant. The arrow indicates the nt position 278 that was targeted for site-directed mutagenesis. * Tomato plants at the cotyledon stage were inoculated with CMV-1 RNA (10 ~tg/ml) alone, and in the presence of transcripts of cloned CARNA 5, CARNA 5 chimera or its mutant. The data are a combined score from two bioassays. Symptoms were scored 4 to 5 weeks after inoculation.
suggesting that the remaining nucleotide sequence differences in the 3' half of the molecule also influence the severity of necrogenic expression of CARNA 5.
Discussion
So far all CMV satellites that cause lethal necrosis in tomato have been shown to possess the principal 3' half tomato necrosis-determining sequence element (abbreviated 3'nDetm for this discussion). However, not all CMV satellites that possess this element induce tomato necrosis, as the helper virus and the host plant, and the specificity of their interactions with each other and with the satellite, can decisively affect the expression of the 3'nDetm. In addition many other factors including extraneous ones such as temperature exert an influence on CARNA 5 necrogenicity (Kaper, 1992) .
This work has studied in detail the case of the CMV-Y satellite, where the 3'nDetm in its structure fails to be expressed under accepted conditions of bioassay. To determine whether this failure is related to structural impediments elsewhere in the molecule, factors other than structural ones needed to be ruled out first. To this end the helper virus strain, tomato cultivar, and environmental chamber conditions for the bioassays were chosen so they conformed to those standardized and used extensively in previous work (Kaper et al., , 1990b . In addition the influence of satellite replication efficiency could be taken into consideration by careful monitoring of satellite accumulation (replication footprint analysis) (Kaper et al., 1990b; Smith et al., 1992) . Thus the differences in necrogenic expression on the part of the satellites and their chimeric constructs shown in Table 1 and Fig. 1 of this report by and large reflect differences in satellite structure. This has enabled us to propose that in order for CM¥ satellite RNA molecules to come to optimal biological expression (e.g. necrogenicity levels of prototype D-CARNA 5), not only the YnDetm but also other sequence elements need to be present in the structure and positioned in the proper sequence context. Two main experimental conclusions support this proposal. (i) One or more element(s) of the sequence upstream of the NheI restriction site in Y-CARNA 5, probably in the 5' half insertion/deletion region (abbreviated 5'ylnsdel for this discussion), prevent necrogenic expression of this satellite's 3'nDetm. (ii) Other nucleotides in the 3' half of Y-CARNA 5 outside the necrosisdetermining region, specifically the A residue in position 278, also impede full necrogenic expression of the 3'nDetm.
The first conclusion is based on the total absence of necrosis in infections with Y-CARNA transcripts. It is reinforced by the fact that chimeric YD (which places the 3'nDetm in the sequence context of prototype D-CARNA 5 but leaves the 5'ylnsdel in place) does not restore necrogenicity, whereas SD (which has the effect of removing the 5'ylnsdel, but still leaves 17 nt differences) is fully necrogenic. It is also reinforced by the fact that chimeric DY or SY (where the 3'nDetm remains in the sequence context of Y-CARNA 5, but the 5'ylnsdel is removed) is at least partially necrogenic. This singles out the 5'ylndel (which makes Y-CARNA 5 10~ longer than D-or S-CARNA 5) as the most likely structural element responsible for the suppression of its necrogenic potential. One possible explanation would be that the sheer bulk of this insertion, which is 34 nucleotides longer than the region it replaces, but essentially sequence-unrelated, interferes with a threedimensional structural requirement for CARNA 5 necrogenicity. Such a requirement could be the putative intramolecular interaction of the 3'nDetm with a sequence in the 5' half of D-CARNA 5 that is replaced by the 5'ylnsdel. However computer-facilitated secondary/tertiary structure analysis (Abrahams et al., 1990) did not reveal any obvious interactions between the 3'nDetm and the 5' half (or any other part) of D-CARNA 5, that could have been interfered with by the introduction of the 5'ylnsdel (data not shown). In addition, a 3'nDetm-possessing variant, J876-CARNA 5 with another insertion/deletion in its 5' half, 52 nt longer than the region it replaces (Fig. 4) , has been shown to be fully necrogenic in tomato (M. E. Tousignant & J. M. Kaper, unpublished results) . Alternatively, a newly generated intramolecular interaction between the 3'nDetm and the 5'ylnsdel (possibly interfering with biological expression) also was not detected by secondary/tertiary structure analysis. This is consistent with the previously proposed secondary structure model of Y-CARNA 5 (Hidaka et al., 1988) .
The second conclusion rests on the observation that chimeric DY (and also SY) transcripts, where the suppressing effect of the 5'ylnsdel is absent, are not as necrogenic in tomato as prototype D-CARNA 5 transcripts (Table l and Fig. 1 ). This suggests that the 3'nDetm, when not in the proper sequence context, cannot express its full necrogenic potential. The conclusion is reinforced by the site-directed mutation experiment that regenerated some of the D-CARNA 5 sequence context in the mutant transcript DY-mt, and in which much (but not all) of the necrogenicity of D-CARNA 5 was restored ( Table 2 ). The latter result can also simply be seen as a widening of the boundaries of the 3'nDetm, also discussed by others (Devic et al., 1990; Sleat & Palukaitis, 1990) .
Lethal tomato necrosis occurs in infections by certain CMV/satellite combinations under certain environmental conditions. As a final outcome of the trilateral interaction of satellite, helper virus and host plant, the satellite symptom expression is not only determined by its own structural elements but also is influenced by other factors such as the replication support and biological expression of the helper virus, as well as susceptibility of the host plant. In addition, environmental factors affecting the host plant's physiological condition, such as temperature, also exert their influence (Kaper, 1992) . Much of the ambiguity of previous data on the necrogenicity of the satellite of CMV-Y may be explained by variations in these factors. The potential necrogenicity of Y-CARNA 5 may be partially expressed in conditions of increased plant stress imposed by environmental or other factors, upon prolonged infection or ageing, or under conditions of decreased resistance of the host plant, all situations which can change the dynamics of the satellite's trilateral interactions with the helper virus and the host plant. Therefore systematic consideration must be given to these auxiliary factors. After these are accounted for, this work reveals that certain three-dimensional structural requirements must be fulfilled for CMV satellites to come to optimal biological expression.
